The discussion whether extremely low frequency (ELF) magnetic fields (MF) are causally linked with childhood leukemia is ongoing for almost four decades. Results of epidemiologic studies have indicated such an association might exist and led to IARC's classification of ELF MF as possibly carcinogenic (class 2B). Although in the meanwhile many epidemiologic studies and meta-analyses of selected studies are available, this did not change the situation. By a new approach of pooling all epidemiologic data, this paper shows that it is possible to come to a convincing conclusion which explains controversial results and reports dose-response relationship, and provides answers to striking facts such as that epidemiologic results on childhood leukemia are independent from field source or exposure metric of whatever kind with no specific favorite. The analysis revealed that the assumption of a causal link between ELF MF exposure and childhood leukemia is no longer plausible and hence that ELF MF's classification as possibly carcinogenic needs revision.
Introduction
Research on health risks of extremely low frequencies (ELF) magnetic fields (MF) in particular with regard to childhood leukemia is ongoing already for more than four decades. In spite of this, it is still considered unclear whether or not a causal link exists. However, ELF MF are suspected to be possibly carcinogenic by the International Agency for Research on Cancer (IARC) of the World Health Organization (WHO) [1] .
In the past decades, the knowledge on physical nature of ELF MF as well as their physical and biological interaction mechanism has been well established. It is known that exposure to magnetic fields may cause adverse health effects in terms of stimulation of nerve and muscle cells, provided they are sufficiently strong to exceed cellular excitation thresholds. Consequently, such bioeffects can be excluded rather than just minimized if the excess of excitation thresholds is prevented [2] - [4] .
The necessary precondition for health effects of long-term exposure to weak ELF MF would be either the production of small persisting changes which could sum up over time until adverse levels ("dose-" effect) and/or the existence of effects with transient times long enough to cause additive crossover effects in case of intermittent exposures. However, established knowledge and experimental data do not provide evidence for this. Consequently, there is no support for the hypothesis that specific effects long-term exposure to weak ELF MF could exist such as induction of cancer or childhood leukemia.
In spite of this, it was in 1979 when the first case-control epidemiological study reported on a statistical significant association between childhood leukemia and exposure to residential ELF MF from electric utility cables as quantified by a surrogate, namely a "wiring code" which accounted for the number of overhead cables, their thickness and distance from homes [5] . In the following decades, numerous attempts have been made to verify this epidemiological finding. Neither in adults nor in children could a statistical association be found with cancer in general. However, epidemiological studies on childhood leukemia generated results which exhibited a tendency towards an increased risk although convincing evidence for this is still lacking. Even several pooled analyses failed to clarify the situation [6] - [9] .
In this situation, based on just epidemiological evidence at power frequency the IARC classified magnetic fields in the entire range of extremely low frequencies as "possibly carcinogenic" class 2B [1] , and in regulations authorities included disclaimers that exposure limits would not address "the long-term effects" including possible carcinogenic effects by arguing that "currently" there would be no conclusive scientific evidence establishing a causal relationship [2] [4]. However, it has been added that if such evidence emerged, appropriate actions would be taken thus suggesting that this was a plausible expectation [4] .
The World Health Organization concluded "there is no consistent evidence that exposure to environmental ELF fields cause direct damage to molecules including DNA", hence it is "unlikely that they may initiate cancer". However, it was cryptically added that "the consistent (epidemiological) pattern of increased risk for childhood leukemia, on balance provided not strong enough evidence for causality but for remaining concern" [3] .
Since 1979 epidemiologic studies used a wide variety of approaches to characterize exposure to ELF MF. Since there is no mechanism on which a metric for long-term exposure could be based upon, in a look-and-see approach many studies calculated odds ratios for many different exposure parameters.
In this paper, the existing body of epidemiological data is analyzed based on a new approach. While past attempts concentrated on meta-analyses and, hence, faced the problem to be restricted to subgroups of studies with similar design, in particular with similar dose metrics, this new approach does not need to exclude any study but allows including all existing data. It is able to provide new insights and more reliable conclusions.
Method
Since there is no basis to decide which exposure metric is adequate, in this analysis no selection of epidemicologic childhood studies was made, and all published data are assessed in a pooled approach.
The body of epidemiologic data was analyzed based on the following working hypotheses: 1) Since scientific experience should have increased in the past 35 years since 1979, it should be expected that methodology has been improved with time, and if there is a causal relationship, results should tend towards a final value, indicating either increased, decreased risk or lack of an association.
2) Since the power of a study should increase with the number of investigated exposed cases, the reliability of results should increase with increased numbers of cases e.g. childhood leukemia or cancer.
Consequently, the published odds ratios were analyzed as a function of publication time and as a function of the number of exposed cases to see whether the overall pattern of results gained within the past 35 years allow drawing conclusions.
Results
In contrast to meata-analyses where only a limited number of studies were pooled such as 4 [6] , 9 [4] , 10 [9] or 12 [5] , in this approach, the reported epidemiologic studies on childhood leukemia and other childhood cancer were analyzed without any exclusion thus making use of a much larger body of evidence.
The analysis of potential dependence on time of reported odds ratios (OR) of 36 childhood leukemia epidemiological studies showed that there is no time trend (Figure 1 ) [5] - [40] . Therefore, it needs to be concluded that improvements in study design such as accounting for historical fields, evaluating long-term records of electric currents of power lines or differentiating between nighttime and daytime exposure etc. did not result in a time trend, neither of statistical significant nor iof statistical not significant results (Figure 1) . It can be seen that significant odds ratios are found above the no-risk-line OR = 1 indicating enhanced risk as well as below it, indicating reduced risk, and that the number of significant results above 1 is higher. However, it needs to be noted that the term "significance" needs to be interpreted with care because studies did not apply Bonferroni corrections in terms of adjusting the level of significance for multi-parameter testing. Overall, taken the significant and non-significant results together, there is an offset of the body of results towards increased risk. This has been interpreted as a reason for health concern [1]- [4] .
The pooled odds ratios (OR) reported in 13 studies on childhood cancer (except childhood leukemia) [33] - [48] including a meta-analysis of 16 of these studies [9] are shown in Figure 2 in dependence on the number of exposed cases N cases . Please note that the number of OR is much higher than the number of studies because studies usually apply different exposure parameters and conditions and consequently report many OR values. Similar to the data on childhood leukemia it can be seen that results can be found on either side of the no-risk-line OR = 1. Again, there is an offset of the body of results towards increased risk (OR > 1). Again, there are statistical significant OR values larger than 1. However, it is interesting to note that these are restricted to studies with only few exposed cases (small N cases ). The meta-analysis of 10 studies did not report statistical significant OR. Overall, scientific risk analyses concluded, that there is no association between ELF MF exposures and childhood cancer [1] [3] .
The same approach was applied to the reported It is important to note that the overall pattern of OR values is in agreement with the conclusion, that there is no causal link. It can be seen that with increasing N cases from either side OR values tend towards the no-risk-line OR = 1, and they clearly stay there (with some variance) if the number of exposed cases is high enough.
Due to the long-term scientific focus on childhood leukemia, the number of childhood leukemia studies is considerably higher. The pooled results of 36 epidemiologic studies [5] - [40] irrespective the chosen exposure metrics are presented in Figure 3 in dependence on the number of exposed cases N cases . It is important to note that the overall pattern is similar to that seen in childhood cancer (Figure 2) . Again, the reported OR values including "statistical significant" results are found on either side of the no-risk-line OR = 1 indicating both increased as well as decreased risks.
Again, there is an offset of the body of results towards increased risk. Again, statistical significant results are reported at lower numbers of exposed cases only. However, most interestingly, again, including results from meta-analyses it can be seen that with increasing number of exposed cases from either side significant as well as not significant OR values tend towards the no-risk-line OR = 1 and stay there at further increasing number of exposed cases. Similar to the childhood cancer case (Figure 2) this indicates that there is no causal relationship. This is supported by the fact that also the OR pattern from particular exposure metrics only (results not shown) revealed the same pattern.
As a further check, also the results of 5 epidemiologic studies on the use of electric appliances and childhood leukemia and childhood cancer were analyzed in the same way [39] [40] [49]- [51] .
As shown in Figure 4 it is important to note that in pite of the inhomogeneous fields of appliance and, consequently the partial body exposure and the intermittend exposure rather than chronic whole-body exposure to residential fields the pattern of OR values in dependence of the number of exposed cases is quite similar to previous patterns.
Again, the reported OR values including "statistical significant" results are found on either side of the no-risk-line OR = 1 indicating both increased as well as decreased risks. Again, there is an offset of the body of results towards increased risk (OR > 1). Again it can be seen that with increasing number of exposed cases from either side significant as well as not significant OR values tend towards the no-risk-line OR = 1.
In addition, it is interesting and not at all self-evident to find that with regard to absolute values and trend even the results of electrical appliances fit well to the pattern of OR values of childhood leukemia. 
Discussion
The presented analysis has the major advantage that it does not need excluding any result. Since no mechanisms are known for long-term effects, in particular childhood leukemia, there is no rational for excluding a particular exposure metric nor justifying to rely on a particular one. By not needing to restrict to studies of the same study design only, it is possible to pool all the existing evidence together.
So far, in the discussion on a potential causal relationship between long-term exposure to ELF MF and biological endpoints such as cancer or leukemia, the reported OR were analyzed with little weight given to sudies's quite different statistical power. However, the presented figures show that among studies the number of exposed cases varies considerably from only very few to several hundreds. This is crucial.
The shown results demonstrate clearly that with increasing number of exposed cases the OR indicating reduced as well as enhanced risk tend towards the no-risk line OR = 1 and stay there with further increasing number. This is consistently seen independent from the investigated MF source, exposure metric, kind of exposure and even kind of investigated biologic endpoint.
This provides evidence for the lack of a causal relationship of EMF MF and cancer including childhood leukemia. This finding is supported by several facts:
1) the pattern seen in childhood leukemia (Figure 3) is the same as the pattern of brain cancer and other cancers (Figure 2 ) for which there is scientific agreement that there is no causal link to ELF MF;
2) the pattern for childhood leukemia seen with residential ELF MF (Figure 3) is the same as with ELF MF from electrical appliances (Figure 4 ) in spite of their quite different exposure regimes in terms of partial-body and intermittend short-term exposure to high(er) MF such as from hair dryers, computers, electrical beds etc.;
3) quite different exposure metrics of residential MF exposure are associated with same range and patterns of OR values irrespective whether exposure is characterized by surrogates, such as distance from MF source or wiring codes, or estimated field quantities such as those related to different points in time (e.g. prior diagnosis, at diagnosis, at study) and related to different intervals (e.g. year, daytime or nighttime) or to differently generated parameters (e. 6) in spite of the suspicion that leukemia risk increases with field amplitude already above the onset value 0.2µT no causal relationship with any cancer could be found at workers with EMF MF exposures which were several orders of magnitudes higher [1] [3].
7) the hypothesis childhood-leukemia could be causally linked to ELF MF exposure is not supported by any other scientific approaches, neither by in-vitro nor by in-vivo studies; 8) a potential causal link of childhood leukemia with ELF MF cannot be explained by established physical or biological interaction mechanism.
However, there is still one important argument seemingly supporting the childhood-leukemia hypothesis, namely the dose-response relationship in terms of an almost exponential increase of OR values reported from 0.2 µT until 0.4 µT. This was taken as a reason for concern [1] [3] . However, with the presented results, this can now be explained as a low-number effect. Since the number of exposed cases decreases with increasing MF exposure, and consequently this is associated with the tendency of reporting higher OR values this could be misinterpreted as dose-response.
This solves the dilemma of how to extrapolate hypothesized leukemia risk from the suspected cancer-risk onset level 0.2 µT to the very much higher exposures such as from electric appliances or at workplaces which are even several orders of magnitudes higher.
This also solves the dilemma that exposure limits remained several orders of magnitudes above the suspected cancer-risk onset level without convincing justification.
The demonstrated lack of causality now explains why the same pattern is found at quite different exposure metrics and field sources in spite of the fact that inadequate metrics should have led to different results. In addition, the non-causality together with questionable choice of the level of statistical significance at multiparameter analysis explains the existence of controversial results and contradictory conclusions.
With regard to ELF MF it is good news that to the best of all our established knowledge the data show that a causal link between environmental ELF MF and childhood leukemia (and other cancer) can be excluded. However, the question arises: How certain is certain enough? How many additional studies should be made to further support what seems now already convincingly clear? With regard to the overall pattern, it cannot be expected that more of the same, that more epidemiologic studies, that some more OR values could change the pattern of existing data which have now been collected for over 35 years since the first epidemiological study on childhood leukemia in 1979.
In addition, an important question remains: How safe is safe enough? Can the demand of some people be fulfilled to guarantee that nothing can happen, that no residual risk could be expected, that no future generation could come to quite different conclusions?
Obviously, this questions needs to be answered by politicians rather than by scientists. However, everybody, who buys a product is day by day necessarily making his or her own choice about which (limited) safety level is considered acceptable, and hardly spends the money to buy e.g. a car with the ultimate best available safety but makes reasonable compromises.
Since freedom of any risk can simply not be realized, neither yet nor in the future, in our laws safety is not defined as "no risk at all" but as the "level of acceptable residual risk". This could help accepting what the pool of data on epidemiologic studies on ELF MF and (childhood) cancer is telling us.
Conclusion
The new approach allowed pooled analyses of the entire body of epidemiologic data on a potential link between childhood leukemia and ELF MF. After 35 years of epidemiological research this now allows explaining puzzling facts such as that reported risk indicators (OR) are independent of the kind of exposure metric, the field source and even of chosen biologic endpoint. The presented overall analysis resulted in convincing evidence that similar to other childhood cancer and adult cancer there is also no causal relationship with childhood leukemia and ELF MF exposure. Therefore, the classification of ELF MF as possibly carcinogenic needs revision.
